U-Pb dates on magmatic and detrital zircon from samples in the hinterland of the Taconic orogen place new constraints on the timing and plate tectonic geometry of terrane accretion and magmatic arc activity. The Moretown terrane, a Gondwanan-derived exotic block, extends from the Rowe Schist-Moretown Formation contact in the west to the Bronson Hill arc in the east. Arc-related plutonic and volcanic rocks formed above an east-dipping subduction zone under the western leading edge of the Moretown terrane from approximately 500 to 475 Ma, until collision with hyperextended distal fragments of Laurentia, represented by the Rowe Schist, at 475 Ma. Magmatic arc rocks formed during this interval are primarily located in the Shelburne Falls arc, although some are also located in the Bronson Hill arc to the east. Metasedimentary rocks in the Shelburne Falls arc contain detrital zircon derived from mixing of Gondwanan, Laurentian, and arc sources, suggesting that the Moretown terrane was proximal to Laurentia by 475 Ma. Explosive eruptions at 466 to 464 Ma preserved in the Barnard Volcanic Member of the Missisquoi Formation in Vermont and as ash beds in the Indian River Formation in the Taconic allochthons may record slab-breakoff of subducted lithosphere following collision of the Moretown terrane with distal Laurentian crustal fragments. Between 466 and 455 Ma a reversal in subduction polarity lead to a west-dipping subduction zone under Laurentia and the newly accreted Moretown terrane. Magmatic arc rocks in the Bronson Hill arc formed above this west-dipping subduction zone along the eastern trailing edge of the Moretown terrane at approximately 455 to 440 Ma. The western boundary of Ganderia in New England is east of the Bronson Hill arc, buried beneath Silurian and Devonian rocks deformed during the Acadian orogeny.
explosive volcanism and potentially with tectonic reorganizations in the hinterland, it is possible to test models of how tectonism in the hinterland affects foreland basin evolution (Ver Straeten, 2010) .
Here we present constraints on the timing and plate geometry of Ordovician tectonism along the Laurentian margin in the hinterland of the Taconic orogen in the New England Appalachians. We expand on the contributions of Macdonald and others (2014) , who identified a new Laurentian-Gondwanan suture in western New England and proposed that the Ordovician Shelburne Falls arc formed above an east-dipping subduction zone on a Gondwanan-derived microcontinent, the Moretown terrane. We suggest that the Moretown terrane extends eastward to the Bronson Hill arc, which formed, at least in part, after a reversal in subduction polarity created a west-dipping subduction zone under Laurentia and the newly accreted Gondwanan-derived microcontinent. We also present evidence suggesting that much of the arc magmatism in the Shelburne Falls and Bronson Hill arcs occurred in close proximity to Laurentia. In the second part of our contribution (Macdonald and others, 2017) we integrate the timing and plate geometry constraints of Ordovician tectonism with stratigraphic evidence preserved in the Taconic foreland basin.
geologic framework
Laurentian Margin
The Neoproterozoic breakup of Rodinia created a south-facing rifted margin on Laurentia at approximately 20°S latitude (Torsvik and others, 2012) . The age of rifting in western New England is constrained by 570 to 555 Ma volcanic and plutonic rocks (Kumarapeli and others, 1989; Walsh and Aleinikoff, 1999) . Remnants of the rift shoulders are found as structural inliers in the Berkshire and Green Mountain massifs, located in western Massachusetts and Vermont ( fig. 1 ), which are composed of ca. 0.95 to 1.4 Ga Mesoproterozoic para-and ortho-gneiss that are correlated with the Grenville Province of Canada and the Adirondack Mountains of New York (Ratcliffe and Zartman, 1976; Zen and others, 1983; Karabinos and Aleinikoff, 1990; Karabinos and others, 2008) . The Dalton Formation (Neoproterozoic to Cambrian) in western Massachusetts and Vermont was deposited unconformably on Mesoproterozoic basement of the Berkshire and Green Mountain massifs. The Dalton Formation is compositionally heterogeneous and large variations in the thickness and relative abundance of the diverse lithologies present reflect deposition in an active rift environment (Williams and Hiscott, 1987; Allen and others, 2010) . Typically, the Dalton Formation is exposed along the western margins of the Berkshire and Green Mountain massifs, and the lowest unit is a quartz-pebble conglomerate directly above basement gneisses (fig. 1). Stratigraphically above the conglomerate, the Dalton Formation includes metamorphosed arkose and black shale. Quartz-feldspar-rich meta-arkose is commonly the dominant lithology, and the black shale was metamorphosed to a distinctive graphitic phyllite that, where exposed, is stratigraphically below the Cambrian Cheshire Quartzite (Landing, 2012) . The Cheshire Quartzite was deposited as a mature quartz arenite in a stable shelf environment, and it marks the transition from the rift to drift phase of the opening of the Iapetus Ocean ( Williams and Hiscott, 1987; Allen and others, 2010) . Continued tectonic stability of the Laurentian margin to the Early Ordovician is recorded by the extensive Early Paleozoic carbonate platform preserved throughout the Appalachians. The Mesoproterozoic basement gneisses of the Berkshire and Green Mountain massifs, together with the clastic cover rocks, were thrust westward over the Early Cambrian to Early Ordovician carbonate platform margin (Zen and others, 1983; Karabinos, 1988; Ratcliffe and others, 2011) .
Outboard of the Laurentian continental shelf, an Ediacaran to Early Ordovician sequence of deep-water deposits formed on the continental slope and rise (Rowley and Hibbard and others (2006) . Outline shows location of more detailed tectonic map of New England in 1B. (B) Tectonic map of New England modified from Hibbard and others (2006) and Ratcliffe (1985) . These rocks may have formed on hyper-extended Laurentian crust, and been separated from the Laurentian passive margin by the Taconic Seaway (Waldron and van Staal, 2001; Macdonald and others, 2014) . Walsh and Aleinikoff (1999) reported a 571 Ϯ 5 Ma U-Pb zircon age for a meta-felsite from the Pinney Karabinos (1988) , Zen and others (1983) , and Doll and others (1961) . Peri-Gondwanan realm stratigraphy based on Macdonald and others (2014) , Tucker and Robinson (1990) , and Moench and Aleinikoff (2003) . HPG-Hallockville Pond Gneiss, Dell-Dell Metatrondhjemite, SFA-Shelburne Falls arc. Hollow Formation from Vermont, but the age of the other units is not constrained by radiometric dating. The youngest detrital zircon grains from the Rowe Schist are Neoproterozoic to Cambrian (585 Ϯ 30, 566 Ϯ 19, 560 Ϯ 29, 536 Ϯ 27 Ma, Macdonald and others, 2014) , placing an approximate lower limit on the age of deposition ( fig. 3 ). The structurally lower part of the Rowe Schist is predominantly non-graphitic, whereas the upper part is typically graphitic. Mafic and ultramafic lenses are common in the Rowe Schist, especially near its upper contact with the Moretown Formation (Chidester and others, 1967) .
Exotic Units
Ordovician and older rocks east of the Rowe Schist formed within the Iapetus Ocean or on Gondwanan-derived microcontinents. The Moretown Formation occurs immediately east of the Rowe Schist ( fig. 1 ). In Massachusetts and in Vermont it was mapped as an Ordovician unit (Doll and others, 1961; Zen and others, 1983; Ratcliffe and others; , and interpreted by Rowley and Kidd (1981) and Stanley and Ratcliffe (1985) as a forearc deposit of the 'Taconic arc'. It is a light gray to buff, fine-grained pinstriped granofels and schist, and contains numerous mafic layers 1 to 3 m thick. The mafic layers originated as tholeiitic basalt or basaltic-andesite that probably formed during crustal extension above an Early Ordovician east-dipping subduction zone and, possibly, above a Late Ordovician to Silurian west-dipping subduction zone (Coish and others, 2012) . Locally, the mafic layers contain 1 to 5 mm plagioclase crystals in the center and aphanitic crystals near one or both margins, suggesting that some of the mafic layers are dikes with chilled margins. Macdonald and others (2014) demonstrated that detrital zircon in the Moretown Formation was derived from Gondwanan sources, and suggested a Cambrian age for the unit. The Cambrian age assignment of Macdonald and others (2014) is inconsistent with the interpretation that the Moretown Formation formed as an Ordovician forearc deposit (Rowley and Kidd, 1981; Stanley and Ratcliffe, 1985) .
Both the Rowe Schist and Moretown Formation host numerous ultramafic lenses near their contact (Chidester and others, 1967; Zen and others, 1983; Ratcliffe and others, 2011) , consistent with the interpretation that this contact is a major suture zone similar to the Birchy Complex in Newfoundland (van Staal and others, 2013) . In northern Vermont the equivalent contact between rocks formed on or near the Laurentian margin and the Moretown Formation also contains lenses of ultramafic rocks and rare mafic schist preserving evidence for Early Ordovician blueschist metamorphism (Laird and others, 1984) . Continuing north across the Canadian border, this contact is marked by the Mont-Orford, Lac-Brompton, Asbestos, and Thetford-Mines ophiolites (Tremblay and others, 2009; Tremblay and Pinet, 2016) . The west vergence of faults and folds in this zone of concentrated ultramafic rocks and evidence for high-pressure metamorphism has been used as critical evidence for an east-dipping subduction zone prior to the Taconic collision of Laurentia with an arc terrane (for example, Rowley and Kidd, 1981; Stanley and Ratcliffe, 1985) .
The age of suturing of the Rowe Schist-Moretown Formation contact is constrained by the Middlefield Granite in Middlefield, Massachusetts, (figs. 1D and 1E). The Middlefield Granite intruded both the Rowe Schist and Moretown Formation at their contact but is not offset by motion along this major suture zone. Furthermore, xenoliths of pelitic and mafic schist in the Middlefield granite contain a folded schistosity, indicating that they were deformed prior to intrusion (Karabinos and Williamson, 1994) . Thus, the CA-IDTIMS age of 444.8 Ϯ 0.1 Ma for this pluton (Macdonald and others, 2014) indicates that Taconic displacement along this major suture ended before 445 Ma, while arc magmatism was active to the east in the Bronson Hill arc and to the south in western Connecticut (Sevigny and Hanson, 1993, 1995) . (Stanley and Hatch, 1988) and the Albee Formation in northeastern Vermont and adjacent New Hampshire (Doll Fig. 3 . Detrital zircon normalized probability density plots of samples from Laurentian margin deposits. Locations are shown in figure 1C . Note that the plot for sample PK-45 is shown at 1 ⁄2 vertical exaggeration to save space. and others, 1961). The Cobble Mountain Formation outcrop belt begins in southwestern Massachusetts, near the southern-most exposures of the Moretown Formation, and continues into Connecticut (Zen and others, 1983; Rodgers, 1985) . The Cobble Mountain Formation was mapped as an Ordovician unit, and was considered by Stanley and Hatch (1988) as a facies equivalent of the Moretown Formation. It is dominated by non-rusty quartz, feldspar-rich schist, but the lithology is variable.
Metasedimentary units correlated with the Moretown Formation include the Cobble Mountain Formation in southwestern Massachusetts
The Albee Formation outcrop belt is located in northeastern Vermont (Doll and others, 1961; Ratcliffe and others, 2011) . The Albee Formation is a light gray quartzite and feldspathic quartzite with interbedded slate, phyllite, or schist, depending on the grade of metamorphism. Micaceous quartzite commonly displays a distinctive pinstripe texture, similar to the Moretown Formation. Correlative rocks occur in adjacent New Hampshire (Lyons and others, 1997) , where Moench and others (1995) mapped them as Dead River Formation, following the convention of Osberg and others (1985) , who reassigned rocks originally mapped as Albee Formation in Maine to the Dead River Formation. The age of the Albee Formation is constrained to be older than a 492.5 Ϯ 7.8 Ma intrusive tonalitic sill (U-Pb zircon SHRIMP age) east of West Bath, New Hampshire (Rankin and others, 2013) .
The Neoproterozoic Dry Hill Gneiss is exposed in the core of the Pelham dome in the Bronson Hill arc ( fig. 1 ). It is a microcline-biotite and microcline-hornblende gneiss containing microcline megacrysts, and interpreted as a metamorphosed alkali rhyolite (Zen and others, 1983) . Tucker and Robinson (1990) reported a TIMS upper intercept age of 613 Ϯ 3 Ma, which they interpreted as the eruption age, and a lower intercept age of 289 Ϯ 4 Ma, which they attributed to Alleghenian metamorphism. The Neoproterozoic age of the Dry Hill Gneiss suggests a Gondwanan affinity (Hodgkins, ms, 1985) . Aleinikoff and others (1979) , and Wintsch and others (1990) suggested that the core of the Pelham dome, along with the Willimantic dome in Connecticut, were the western-most exposures of Avalonia in New England. Evidence presented by Macdonald and others (2014) demonstrated that the Moretown Formation includes metasedimentary rocks with Gondwanan provenance, and raises the possibility that the Dry Hill Gneiss is basement to the Moretown terrane.
Ordovician Arc-Related Units East and structurally above the Moretown Formation is the outcrop belt of the Hawley Formation, and equivalent units in Vermont (the Barnard Volcanic, Whetstone Hill, and Cram Hill Members of the Missisquoi Formation of Doll and others, 1961) . The Hawley Formation in Massachusetts contains diverse rock types. The formation is mostly mafic schist and gneiss, which have island arc tholeite, mid-ocean ridge basalt / back arc-basin basalt, and boninitic geochemical characteristics (Kim and Jacobi, 1996) . The Legate Hill Brook Metadacite and the intrusive Dell Metatrondhjemite have arc or fore-arc geochemical signatures (Kim and Jacobi, 1996) . The Hawley Formation contains a western and eastern belt of graphitic pelitic schist, a quartz-rich granofels, and layers of volcanoclastic garnet-hornblende schist (garbenschiefer) derived from interlayered mafic and pelitic schist. The Hawley Formation also includes the Charlemont Mafic Intrusive Suite, which Kim and Jacobi (1996) suggested formed during an episode of Ordovician back-arc extension. Kim and Jacobi (1996) observed that amphibolites from the eastern portion of the Moretown Formation are geochemically similar to mid-ocean ridge basalt found in the Hawley Formation, and that trondhjemites and mafic sills from the Shelburne Falls dome (Collinsville Formation) are geochemically similar to the Dell Metatrondhjemite and boninites in the Hawley Formation. Although the boninitic geochemistry of mafic rocks in the Hawley Formation has been used as evidence for formation in a forearc setting (for example Kim and Jacobi, 1996) , it is also compatible with an intra-arc extensional environment. Macdonald and others (2014) presented a CA-IDTIMS U-Pb zircon age for the intrusive Dell Metatrondhjemite of 475.5 Ϯ 0.2 Ma ( fig. 1D ), thus constraining the Hawley Formation to be at least this old. The age of the Dell Metatrondhjemite is in excellent agreement with U-Pb zircon ages for rocks in the Shelburne Falls and Goshen domes presented by Karabinos and others (1998) , and along with the geochemical data described above, firmly links the Hawley Formation to the Shelburne Falls arc. Further, the Dell Metatrondhjemite age is very similar to the 475.0 Ϯ 0.1 Ma U-Pb zircon age for the Hallockville Pond Gneiss ( fig. 1D ), which intruded the Moretown Formation (Karabinos and Williamson, 1994; Macdonald and others, 2014) .
On its eastern margin, the Hawley Formation is structurally overlain by Silurian and Devonian formations of the Connecticut Valley trough  fig. 1 ). Several domes in the Connecticut Valley trough expose the Collinsville Formation (of Zen and others, 1983; Rodgers, 1985) composed of 475 to 470 Ma arc-related bimodal mafic and felsic plutonic rocks (Karabinos and others, 1998) . Karabinos and others (1998) also dated samples of the Barnard Volcanic Member of the Missisquoi Formation (of Doll and others, 1961) in Vermont that range in age from 475 to 470 Ma. Older felsic plutons dated between 502 to 483 Ma have been reported from southern Vermont (Aleinikoff and others, 2011) . Together, the Hallockville Pond Gneiss, the Hawley and Collinsville Formations in Massachusetts and the Barnard Volcanic Member in Vermont preserve a record of a magmatic arc, the Shelburne Falls arc of Karabinos and others (1998) that formed on the Moretown terrane (Macdonald and others, 2014) . The common occurrence of arc-related rocks in the time interval 475 to 470 Ma suggests that a significant tectonic event triggered widespread magmatism in the Shelburne Falls arc at this time.
The Moretown terrane and the Shelburne Falls arc continue southward into western Connecticut ( fig. 1 ) where Sevigny and Hanson (1993, 1995) reported U-Pb zircon ages of 454 to 438 Ma from small intrusive bodies that belong to the Brookfield plutonic suite and the Newtown, Harrison, and Beardsley Gneisses, which they suggested formed in a Late Ordovician to Early Silurian arc along the eastern Laurentian margin. Although no 485 to 465 Ma arc-related rocks have been reliably dated in southwestern Connecticut, it is important to note that the 454 to 438 Ma gneisses intruded older arc-related rocks of the Collinsville Formation that, according to Sevigny and Hanson (1993, 1995) , were already deformed during an early Taconic event. Thus, older arc-related rocks, possibly coeval with 475 to 470 Ma rocks dated in Massachusetts and Vermont, must exist in southwestern Connecticut, although overprinting by high-grade Acadian metamorphism has made it difficult to date them.
East of the Connecticut Valley trough and the Mesozoic Basin, Ordovician meta-igneous rocks are also preserved in structural domes (Thompson and others, 1968; Hibbard and others, 2006;  fig. 1 ). Tucker and Robinson (1990) presented precise U-Pb zircon TIMS ages from rocks in the Bronson Hill arc in central Massachusetts and southern New Hampshire. Late Ordovician plutonic rocks of the Swanzey, Pauchaug, Monson, and Fourmile Gneisses range in age from 454 ϩ3/Ϫ2 to 442 ϩ3/Ϫ2 Ma. In addition, they dated rhyolite from the upper member of the Ammonoosuc Volcanics at 453 Ϯ 2 Ma, and from the Partridge Formation at 449 ϩ3/-2 Ma. Tucker and Robinson (1990) demonstrated that the plutonic and volcanic rocks have overlapping ages. More importantly, they highlighted the problem that Late Ordovician arc-related rocks in the Bronson Hill belt are younger than the classic Taconic deformation and metamorphism recognized in western New England. The authors offered strikingly different proposals to explain the age discrepancy. Tucker suggested that the Bronson Hill arc collided with an already assembled "Taconia", and that the Taconic orogeny resulted from collision of Laurentia with an older arc, possibly represented by the "Ascot-Weedon-Hawley-Collinsville terrane". In contrast, Robinson suggested that the Ascot-Weedon and Hawley-Collinsville sequences are not sufficiently distinct nor are they definitely older than rocks in the Bronson Hill arc, and he proposed the existence of a single arc system. Karabinos and others (1998) showed that rocks in the Hawley-Barnard-Collinsville sequence are significantly older than lithologically similar rocks in the Bronson Hill arc studied by Tucker and Robinson (1990) , and they argued that the younger arc rocks formed after a reversal in subduction polarity after collision of the Shelburne Falls arc with the Laurentian margin.
North of the area studied by Tucker and Robinson (1990) , Valley and others (2015) reported new U-Pb zircon SHRIMP ages from the Bronson Hill arc in west central New Hampshire of 475 Ϯ 5, 466 Ϯ 8, 460 Ϯ 3, 454 Ϯ 3, 450 Ϯ 4, 448 Ϯ 5, and 445 Ϯ 7 Ma. They suggested that the overlap between older and younger arc rocks in the Shelburne Falls and Bronson Hill arcs can best be explained by a single long-lived arc.
Lyons and others (1986) presented U-Pb zircon ages from the Highlandcroft Plutonic Suite in northern New England ranging from ca. 453 Ϯ 4 to 443 Ϯ 4 Ma, similar to ages reported to the south by Tucker and Robinson (1990) . Moench and Aleinikoff (2003) also dated arc-related volcanic and plutonic rocks in the 456 Ϯ 3 to 442 Ϯ 4 Ma range, in northern New England, but they also discovered older 469 Ϯ 2 and 467 Ϯ 4 Ma plutons and suggested that the older plutons intruded the lowermost Ammonoosuc Volcanics near the type locality of the formation. Uppermost Ammonoosuc Volcanics gave ages of 465 Ϯ 6 and 461 Ϯ 8 Ma. Moench and Aleinikoff (2003) also dated a younger series of felsic volcanics in the Quimby Formation at 443 Ϯ 4 Ma. They suggested that the older volcanic and plutonic rocks formed above an older east-dipping subduction zone and that the younger Quimby Formation and the Highlandcroft and Oliverian Plutonic Suites formed after a reversal in subduction polarity.
Gerbi and others (2006a) studied rocks in the Chain Lakes massif in Maine and presented U-Pb zircon TIMS ages of 477 ϩ7/Ϫ5 Ma for the Boil Mountain Complex, and U-Pb SHRIMP ages of 472 Ϯ 6 Ma for the Skinner Pluton and 443 Ϯ 3 Ma for the Attean Pluton. Gerbi and others (2006b) presented detrital zircon SHRIMP ages from rocks in the Chain Lakes massif that indicate a Laurentian source for the detritus. The presence of both Early and Late Ordovician plutons in this part of the Bronson Hill arc is similar to the segment studied by Moench and Aleinikoff (2003) . Two rocks were sampled for detrital zircons, the McKenney Stream and Sarampus Falls facies. The provenance of the detrital grains is convincingly Laurentian, but because the age of these rocks is poorly constrained, it is possible that they were deposited after collision with Laurentia.
Working in the southern part of the Bronson Hill arc in Connecticut, Aleinikoff and others (2007) reported U-Pb zircon SHRIMP ages of 456 Ϯ 6 Ma for the Boulder Lake Gneiss, 449 Ϯ 4 Ma for the Middletown Formation, and 459 Ϯ 4 Ma for the Higganum Gneiss from the Killingworth dome. Pb and Nd isotopic geochemistry of these rocks suggests that rocks of the Killingsworth complex in the dome resulted from mixing of more radiogenic (high 207 Pb/ 204 Pb and intermediate ε Nd ) Gondwanan terrane sources and less radiogenic (low 207 Pb/ 204 Pb and low ε Nd ) Laurentian components, whereas rocks of the Middletown complex were derived from mixing of more radiogenic rocks and primitive (low 207 Pb/ 204 Pb and high ε Nd ) material (Aleinikoff and others, 2007) . They identified Ganderia as the Gondwanan component, but at the time of their study the existence of a more westerly Gondwanan-derived crustal fragment, the Moretown terrane, (Macdonald and others, 2014) was unknown. Aleinikoff and others (2007) suggested that the Killingworth complex (mixing of Gondwanan and Laurentian components) formed above an east-dipping subduction zone on the western margin of Ganderia, and that the Middletown complex (mixing of Gondwanan and more primitive components) formed to the east in a back-arc rift environment.
Detailed accounts of Appalachian orogenesis in the Canadian Appalachians have been presented recently for Quebec (Tremblay and Pinet, 2016) , New Brunswick (van Staal and others, 2016), and Newfoundland (van Staal and others, 2007; van Staal and Baar, 2012) . These authors provide valuable summaries of the geochronological data base that constrains the timing of arc magmatism and accretion of terranes to the Laurentian margin. As discussed at the end of this paper, fundamental questions concerning terrane affinity, and the timing of collision of terranes with the Laurentian margin, are shared by the New England and Canadian Appalachians. methods Siliciclastic units and igneous rocks were sampled for U-Pb zircon geochronological studies, which were performed at Boise State University. All zircon populations were first analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Igneous samples and critical detrital zircon populations were then picked off the mounts for chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-IDTIMS). Analytical methods are described in detail in the Appendix. Complete U and Pb isotopic and whole rock geochemical data are given in tables A1 and A2 (http://earth.geology.yale.edu/ϳajs/SupplementaryData/2017/Karabinos) and plotted in figures 3, 4, 5, and 6.
geochronology results
Laurentian Margin Dalton Formation.-Two samples of the Dalton Formation come from an unusual facies on Hoosac Mountain (figs. 1C and 2), which is part of an isolated thrust sheet in the northeastern part of the Berkshire massif. Hoosac Mountain is the only part of the Berkshire massif underlain by 960 Ma post-Grenvillian rocks of the Stamford Granite Gneiss ( Zen and others, 1983; Karabinos and Aleinikoff, 1990) . The overlying basal conglomerate of the Dalton Formation is not dominated by quartz pebbles, but instead contains numerous granitic pebbles and, locally, boulders. The conglomerate grades upward into an albitic schist with pebbly beds, and is stratigraphically overlain by albitic schist of the Hoosac Formation.
PK45: Dalton Formation.-A granitic boulder extracted from the conglomerate on Hoosac Mountain at 42°39.838'N, 73°4.470'W. LA-ICPMS on 35 zircon grains showed a dominant peak at ϳ960 Ma and four older dates between 1.0 and 1.2 Ga ( fig. 3) . The thirty-one youngest grains have a weighted mean date of 958 Ϯ 16 Ma (MSWD ϭ 1.4, probability of fit ϭ 0.09). F1440: Moretown Formation. Quartz-rich granofels collected at 42°10.798'N, 72°5 7.031'W. LA-ICPMS on 108 zircon grains showed a dominant peak at ϳ630 Ma and smaller peaks at ϳ550, 800, 1200, 1550, and 2000 Ma ( fig. 4 ). The three youngest grains have a weighted mean date of 516 Ϯ 12 Ma (MSWD ϭ 0.05, probability of fit ϭ 0.95).
F1441: Moretown Formation. Quartz-rich granofels collected at 42°13.992'N, 72°5 7.805'W. LA-ICPMS on 60 zircon grains showed a dominant peak at ϳ600 Ma and another large peak at ϳ770 Ma. There are many small peaks between 0.9 and 2.2 Ga, and another at 2.6 Ga. The three youngest grains have a weighted mean date of 563 Ϯ 12 Ma (MSWD ϭ 0.5, probability of fit ϭ 0.59).
Cobble Mountain Formation.- Figure 4 shows the detrital zircon data from three samples of the Cobble Mountain Formation from southern Massachusetts ( fig. 1C ).
F1437: Cobble Mountain Formation. Quartz-rich biotite schist collected at 42°7 .953'N, 72°53.824'W. LA-ICPMS on 110 zircon grains showed a dominant peak at 1.55 Ga and another peak at 1.33 Ga. There are five Ͻ0.9 Ga grains, three with a weighted mean date of 501 Ϯ 11 Ma (MSWD ϭ 0.2, probability of fit ϭ 0.84) and others are 606 Ϯ 31 and 623 Ϯ 23 Ma.
F1438: Cobble Mountain Formation. Quartz-rich biotite schist collected at 42°8 .076'N, 72°53.931'W. LA-ICPMS on 107 zircon grains showed a dominant peak at 1.56 Ga and other peaks at 1.35 and 1.75 Ga. One grain yielded a LA-ICPMS date of 766 Ϯ 18 Ma.
F1439: Cobble Mountain Formation. Quartz-rich biotite schist collected at 42°8 .076'N, 72°53.931'W. LA-ICPMS on 111 zircon grains showed a dominant peak at 1.78 Ga and another large peak at 1.52 Ga. There are four Ͻ0.9 Ga grains, three with a weighted mean LA-ICPMS date of 547 Ϯ 12 Ma (MSWD ϭ 0.9, probability of fit ϭ 0.42) and one yielded a LA-ICPMS date of 646 Ϯ 20 Ma.
Albee Formation.-We analyzed detrital zircon from seven samples provided by J.N. Aleinikoff, which were originally selected by D.W. Rankin and R.H. Moench to test the stratigraphic assignment of rocks in northern Vermont and New Hampshire. Our LA-ICPMS results ( fig. 4 ) are consistent with unpublished SHRIMP ages obtained by J.N. Aleinikoff, but we were able to analyze a larger number of grains to create more robust age spectra.
VT-00-257: Albee Formation. Quartz-rich granofels collected at 44°22.949'N, 71°4 9.680'W. LA-ICPMS on 108 zircon grains showed a dominant peak at 1.5 Ga and another peak at 1.75 Ga. Four Ͻ0.9 Ga grains (4%) are 524 Ϯ 22, 536 Ϯ 29, 590 Ϯ 26, and 786 Ϯ 34 Ma.
VT-00-277: Albee Formation. Quartz-rich granofels collected at 44°37.396'N, 71°3 3.391'W. LA-ICPMS on 107 zircon grains showed a dominant peak at 650 Ma and other peaks at 1230 Ma and 1580 Ma. Forty-two grains gave LA-ICPMS dates Ͻ0.9 Ga (39%). The two youngest yielded LA-ICPMS dates of 492 Ϯ 18 and 503 Ϯ 22 Ma.
VT-00-276: Albee Formation. Quartz-rich granofels collected at 44°32.242'N, 71°4 3.559'W. LA-ICPMS on 92 zircon grains showed a dominant peak at 610 Ma and other peaks at 520, 800 and 1240 Ma. Thirty-four grains gave LA-ICPMS dates Ͻ0.9 Ga (37%). The five youngest yielded a LA-ICPMS weighted mean date of 519 Ϯ 11 Ma (MSWD ϭ 1.3, probability of fit ϭ 0.29).
NH-98-141: Albee Formation (Dead River Formation in NH). Quartz-rich granofels collected at 44°19.248'N, 71°53.574'W. LA-ICPMS on 109 zircon grains showed a dominant peak at 630 Ma and other peaks at 800, 980, 1220 and 1540 Ma. Forty-eight grains gave LA-ICPMS dates Ͻ0.9 Ga (44%). The two youngest yielded LA-ICPMS dates of 517 Ϯ 20 and 519 Ϯ 22 Ma.
NH-98-142: Albee Formation (Dead River Formation in NH). Quartz-rich granofels collected at 44°20.073'N, 71°54.186'W. LA-ICPMS on 97 zircon grains showed a dominant peak at 620 Ma and other peaks at 550, 1250 and 1520 Ma. Forty-seven grains gave LA-ICPMS dates Ͻ0.9 Ga (48%). The three youngest yielded a LA-ICPMS weighted mean date of 511 Ϯ 14 Ma (MSWD ϭ 0.7, probability of fit ϭ 0.47).
NH-99-158: Albee Formation (Dead River Formation in NH). Quartz-rich granofels collected at 43°57.873'N, 72°3.127'W. LA-ICPMS on 108 zircon grains showed a dominant peak at 1210 Ma and other peaks at 540 and 640 Ma. Thirty-three grains gave LA-ICPMS dates Ͻ0.9 Ga (31%). The six youngest yielded a LA-ICPMS weighted mean date of 526 Ϯ 10 Ma (MSWD ϭ 0.5, probability of fit ϭ 0.75). . Quartz-rich granofels collected at 44°12.102'N, 71°55.991'W. LA-ICPMS on 50 zircon grains showed a dominant peak at 630 Ma and no other peak. Thirty grains gave LA-ICPMS dates Ͻ0.9 Ga (60%). The two youngest yielded LA-ICPMS dates of 528 Ϯ 20 and 550 Ϯ 16 Ma.
NH
Dry Hill Gneiss.-F1314: Microcline-biotite gneiss containing microcline megacrysts collected at 42°36.362'N, 72°25.6748'W. LA-ICPMS on 71 zircon grains from sample yielded scattered dates between 607 Ϯ 23 and 537 Ϯ 19 Ma. The scatter is due to rims with metamorphic zoning seen in CL images that surround grains with igneous zoning. Nine fragments from four grains were analyzed by CA-IDTIMS. All analyses are discordant and form a line between 607.2 Ϯ 1.9 / 8.6 and 288.8 Ϯ 7.7 / 8.5 Ma (MSWD ϭ 1.2, probability of fit ϭ 0.31). The analyses plot much closer to upper intercept than lower; 206 Pb/ 238 U dates are 590 to 498 Ma (fig. 5 ). The igneous crystallization age is interpreted from the upper intercept and the age of metamorphism from the lower intercept. These results are in excellent agreement with the dates reported by Tucker and Robinson (1990) . F1444: Hawley Formation. Hornblende-garnet schist (garbenschieffer) collected at 42°39.573'N, 72°51.706'W. LA-ICPMS on 26 zircon grains showed a dominant peak at ϳ470 Ma and three older grains at 1.55, 1.59, and 1.88 Ga. The twenty youngest grains have a weighted mean date of 474 Ϯ 12 Ma (MSWD ϭ 1.5, probability of fit ϭ 0.08).
F1446: Cram Hill Formation. Graphitic schist collected at 42°46.256'N, 72°45.972'W. LA-ICPMS on 121 zircon grains showed dominant peaks at ϳ1.34, 1.53, and 1.73 Ga. There are seven Ͻ0.9 Ga grains, the three youngest with a weighted mean date of 611 Ϯ 20 Ma (MSWD ϭ 0.6, probability of fit ϭ 0.58).
F1507: Hawley Formation. Graphitic schist collected at 42°29.629'N, 72°56.815'W. LA-ICPMS on 109 zircon grains showed a dominant peak at 1020 and 1160 Ma. Four Ͻ0.9 Ga grains are 530 Ϯ 26, 563 Ϯ 29, 584 Ϯ 27, and 592 Ϯ 27 Ma.
2836: Barnard Volcanic Member of the Missisquoi Formation (Doll and others, 1961) or Barnard Gneiss others, 2011, Richardson, 1924) . Felsic granofels collected at 43°47.691'N, 72°37.663'W, just below the contact with the Silurian Shaw Mountain Formation (figs. 1D and 5). LA-ICPMS on 84 zircon grains showed a dominant peak at ϳ460 Ma and one date at 1.1 Ga. Eighty dates yielded a weighted mean date of 458 Ϯ 5 Ma (MSWD ϭ 0.7, probability of fit ϭ 0.96). Six grains analyzed by CA-TIMS have a weighted mean date of 466.00 Ϯ 0.14 / 0.27 / 0.55 Ma ( fig. 5 ; MSWD ϭ 2.1, probability of fit ϭ 0.06). This is the interpreted eruption age.
F1313: Fourmile Gneiss. Tonalitic gneiss collected at 42°36.722'N, 72°28.721'W. LA-ICPMS on 58 zircon grains yielded scattered dates between 469 Ϯ 19 and 378 Ϯ 20 Ma. The scatter is due to narrow rims with metamorphic zoning seen in CL images that surround grains with igneous zoning. Five whole grains and two fragments from each of three other grains were analyzed by CA-TIMS. The three oldest dates, from one whole grain and two fragments from a grain, have a weighted mean date of 448.16 Ϯ 0.52 / 0.56 / 0.73 Ma (fig. 5; MSWD ϭ 3.7, probability of fit ϭ 0.03). This is the interpreted igneous crystallization age. The eight other dates are younger, between 447.11 Ϯ 0.30 and 444.84 Ϯ 0.31 Ma. These dates are thought to be from grains that are mixtures of igneous and metamorphic zircon. Tucker and Robinson (1990) reported an age of 454 ϩ3/Ϫ2 Ma for the Fourmile Gneiss from the same locality.
F1312: Partridge Formation. Graphitic schist collected at 42°40.684'N, 72°31.009'W. LA-ICPMS on 24 zircon grains from sample (figs. 1C and 6) showed peaks at 1.0, 1.34, and 1.83 Ga. Four Ͻ0.9 Ga grains are 452 Ϯ 33, 615 Ϯ 38, 654 Ϯ 40, and 772 Ϯ 36 Ma. Stamford Granite Gneiss dominate the population. Typically, major 960 Ma peaks are not observed in detrital zircon age spectra from Laurentian samples (for example Cawood and Nemchin, 2001; Macdonald and others, 2014) . The age spectrum from figure 1C . Note that the plot for sample F1444 is shown at 1 ⁄2 vertical exaggeration to save space.
the Dalton Formation matrix sample, F1323, includes numerous grains of more common igneous rocks found in the Grenville basement rocks of the Adirondack Mountains and the Berkshire and Green Mountain massifs (Karabinos and Aleinikoff, 1990; Karabinos and others, 2008; McLelland and others, 2010; Aleinikoff and others, 2011) .
As noted by Macdonald and others (2014) , detrital zircon age spectra from the Cheshire Quartzite and from the Rowe Schist ( fig. 3 ) are dominated by 1050 to 1200 Ma grains typical of igneous rocks from the Grenville orogeny (Cawood and Nemchin, 2001) . Minor components include late Neoproterozoic grains, possibly derived from rift volcanic rocks (Kumarapeli and others, 1989) , older Mesoproterozoic grains similar in age to ca. 1350 Ma Elzevirian trondhjemitic gneisses in the Green Mountain massif (Ratcliffe and others, 1991) , and minor peaks at 1.5, 1.85, and 2.7 Ga.
The restricted age range of the detrital zircon population of the Dalton Formation suggests a local source for the detritus. The Cheshire Quartzite population is much more diverse and typical of the Grenville province of eastern North America (Cawood and Nemchin, 2001) . In contrast, the great diversity in detrital zircon ages from the Rowe Schist, in particular sample F1328, is consistent with deposition in a distal continental margin setting offshore from Laurentia, where along shore currents transported far-travelled zircons.
Moretown Formation.-All five samples of the Moretown Formation ( fig. 4 ) display prominent peaks in the 500 to 800 Ma age range, atypical of detritus derived from Laurentia, but typical of Gondwanan sediments (for example, Fyffe and others, 2009) . Minor peaks in the interval 1.0 to 1.3 Ga are present in the Moretown samples, but subordinate to the Neoproterozoic peaks. In contrast, zircon grains in the 550 to 700 Ma age range are rare in Neoproterozoic to Cambrian sediments derived from Laurentia, and peaks in the 1.0 to 1.2 Ga range dominate the spectra. The dominant Neoproterozoic age peak in the detrital zircon populations corresponds to widespread arc plutonic and volcanic rocks common on Gondwanan crustal fragments in the Appalachians (Fyffe and others, 2009 ). Macdonald and others (2014) also suggested that the Moretown Formation is a Cambrian unit based on the youngest detrital zircon grains (514 Ma) dated by TIMS, and the oldest intrusive rocks (496 and 502 Ma, Aleinikoff and others, 2011) found in outcrops that others (2014, 2015) interpreted as likely Moretown Formation correlatives in southern Vermont.
Cobble Mountain Formation.-The Neoproterozic peaks that dominate Moretown Formation samples are only a minor component of the Cobble Mountain Formation detrital zircon population. The Cobble Mountain Formation detrital zircon age spectra are characterized by peaks at 1500 to 1600 Ma, 1700 to 1800 Ma, and 1300 to 1400 Ma, consistent with an Amazonian sediment source (for example, Strachan and others, 2007) or West African (Bradley and others, 2015) sediment source. The contrast in detrital zircon characteristics between the Moretown and Cobble Mountain Formations calls into question the correlation of these units by Stanley and Hatch (1988) . Nonetheless, the age spectra of the Cobble Mountain Formation samples indicate a Gondwanan rather than a Laurentian source.
Albee Formation.-Five of the seven samples of the Albee Formation have the most prominent peaks in the interval 600 to 630 Ma ( fig. 4) . One (NH-98-158) has the most prominent peak at 1200 Ma with strong peaks at 530 and 630 Ma. The same six samples also have prominent peaks at 1.5 to 1.6 Ga. One sample of the Albee Formation, VT-98-257, bears a striking resemblance to the Cobble Mountain Formation detrital zircon populations ( fig. 4 ) with a dominant peak at 1.5 Ga and another peak at 1.7 Ga. One Albee Formation sample, NH-13-397, for which there are only 50 grains analyzed, is quite similar to the Moretown Formation detrital zircon populations (fig. 4) . The remaining five samples combine the characteristics of the Moretown and Cobble Mountain Formations detrital zircon data, except that they also contain robust peaks at 1.2 to 1.3 Ga, and minor peaks in the 800 to 1000 Ma range.
The age spectra shown in figure 4 are compatible with the interpretation that the Albee Formation is part of the Moretown terrane located east of the Connecticut Valley trough (fig. 1 ). The somewhat more diverse zircon populations in the Albee Formation may reflect a more cosmopolitan provenance in this part of the Moretown terrane.
Hawley Formation.-The Hawley Formation is at least slightly older than the 475 Ma intrusive Dell Trondhjemite (Macdonald and others, 2014) . This age constraint, in conjunction with the presence of two Ordovician detrital zircon grains in F1442 (460 Ϯ 22 and 469 Ϯ 18 Ma) and twenty detrital zircon grains in sample F1444 (weighted mean date of 474 Ϯ 12 Ma) ( fig. 6) , indicates that the sedimentary component of the Hawley Formation was deposited during peak magmatic activity in the Shelburne Falls arc.
We interpret the detrital zircon age spectra from samples 2816, 2817, F1446, and F1507 to represent a mixing of detritus from both Laurentian and Gondwanan sources. Sample 2817 (n ϭ 123) (figs. 1 and 6) is dominated by a sharp 950 Ma peak approximately coeval with the Stamford Granite Gneiss exposed in the Green Mountain and Berkshire massifs (Karabinos and Aleinikoff, 1990) . Sample 2816 (n ϭ 84) (figs. 1 and 6) is dominated by peaks at 1000 and 1100 Ma, but also contains a prominent peak at 550 Ma uncharacteristic of Laurentian derived sediments. Sample F1446 (n ϭ 121) (figs. 1 and 6) is from the Cram Hill Formation in southern Vermont, on strike with the eastern graphitic schist belt in the Hawley Formation, the so-called Sanders Brook Black Slate of Kim and Jacobi (1996) . The probability plot for this sample is diverse and complex. The most prominent peak is 1300 to 1400 Ma, similar in age to the ca. 1350 Ma Elzevirian trondhjemitic gneisses in the Green Mountain massif reported by Ratcliffe and others (1991) , but also similar to 1300 to 1400 Ma peaks in two of the three Cobble Mountain Formation samples. There are also significant peaks at 1500 to 1600 and 1700 to 1800 Ma, similar to peaks in the Cobble Mountain Formation samples ( fig. 6 ). There is a broad peak between 1.0 to 1.2 Ga, and less prominent peaks at 600, 800. We interpret the age spectrum to reflect mixed Laurentian and Gondwanan sources, similar to the Cobble Mountain Formation, for the detritus. Sample F1507 (n ϭ 109) (figs. 1 and 6) is dominated by peaks at 960, 1050, and 1170 Ma, but contains a significant peak at 580 Ma.
To summarize, our data suggest that the metasedimentary units of the Hawley Formation were deposited during the Early Ordovician (approximately 475 Ma) and that the sediments received detritus from Laurentian and Gondwanan sources, and from coeval magmatic rocks. Thus, we argue that the collision between the Rowe Schist and the Moretown terrane-Shelburne Falls arc must have occurred at about this time.
Barnard Volcanic Member of the Missisquoi Formation.-The CA-IDTIMS date of 466.00 Ϯ 0.14 Ma ( fig. 5 ) for sample 2836 is younger than the 471.4 Ϯ 3.7 Ma age reported by Karabinos and others (1998) for a sample of the Barnard Volcanic Member near the base of the more than 1 km thick sequence of felsic gneiss at the type locality of the unit (Richardson, 1924) . The 466 Ma age of the Barnard Volcanic Member is indistinguishable from the age of an ash layer from the Indian River Formation in the Giddings Brook thrust sheet of the Taconic allochthons (Macdonald and others, 2017) . The thick sequence of felsic igneous rocks that make up the Barnard Volcanic Member may preserve a volcanic center or a magma chamber that supplied volcanic eruptions of ash to the Laurentian margin, and the timing of these eruptions may coincide with slab breakoff following collision of the Moretown terrane with Laurentia.
Partridge Formation.-Our small detrital zircon yield (24 grains) from sample F1312 suggests that the Partridge Formation received grains from Ordovician arc magmatism, as well as Laurentian and Gondwanan sources ( fig. 6 ). Merschat and others (2016) presented detrital zircon data from two sample of the Partridge Formation in New Hampshire. The samples contain Mesoproterozoic zircon dates typical of Grenvillian rocks from Laurentia, as well as 1.6 to 1.8 and 2.5 to 2.8 Ga grains likely derived from Laurentian mid-continent sources, and Neoproterozoic grains that are typical of peri-Gondwanan sources (Merschat and others, 2016) . Some of the 1.6 to 1.7 Ga grains may also have been sourced from the Cobble Mountain or Albee Formations (see fig. 4 ). These detrital zircon ages provide critical evidence that the Bronson Hill arc was proximal to Laurentia when arc magmatism was active in the Late Ordovician. Detritus from a Gondwanan source also appears to be represented in the Partridge Formation.
Harwood and Berry (1967) described C. bicornis graptolites from the Partridge Formation in New Hampshire, which were later reclassified as N. gracilis by Riva (1974) , thus establishing a Sandbian age (458.4 Ϯ 0.9 to 453.0 Ϯ 0.7 Ma, Gradstein and others, 2012) for this part of the Partridge Formation. Tucker and Robinson (1990) presented a U-Pb zircon TIMS age of 449 ϩ3/Ϫ2 Ma for a volcanic bed from the Partridge Formation in Massachusetts (fig. 7) .
The Partridge Formation is an important component of the Bronson Hill arc, and the detrital zircon age spectra indicate that the arc formed in close proximity to Laurentia. We argue below that the Bronson Hill arc formed on the eastern trailing edge of the Moretown terrane rather than on the western leading margin of Ganderia, as proposed by Hibbard and others, 2006) . discusssion The Suture Between Laurentia and Gondwanan-derived Terranes Macdonald and others (2014) used detrital zircon data to demonstrate that the contact between the Rowe Schist and Moretown Formation in Vermont and western Massachusetts is the suture between Laurentia and Gondwanan-derived crust. The Moretown Formation was previously interpreted as a forearc deposit to the Taconic arc (Rowley and Kidd, 1981; Stanley and Ratcliffe, 1985) , but it contains no Ordovician zircons, which would presumably be common in a Taconic forearc deposit. Instead, the Moretown Formation is dominated by zircon grains derived from Neoproterozoic arcs, similar to Gondwanan-derived terranes studied elsewhere (Fyffe and others, 2009 ). Lenses of amphibolite and altered ultramafic rocks are especially common near the Rowe Schist-Moretown Formation contact (Chidester and others, 1967; Zen and others, 1983 ; Ratcliffe and others 2011) consistent with the interpretation that the boundary represents a major suture between Laurentia and Gondwanan-derived crust.
Geologic evidence suggests that the suture formed when the Moretown terrane collided with distal elements of Laurentia above an east-dipping subduction zone. Folds and thrust faults in this zone consistently record west vergence, and evidence for high-pressure metamorphism, including remnant blueschist occurrences, has been reported by Laird and others (1984) . The 505 to 473 Ma 40 Ar/ 39 Ar metamorphic dates from amphibolites near the suture zone (Laird and others, 1984; Castonguay and others, 2012) record exhumation and cooling of rocks from the Iapetan oceanic realm of the Laurentian plate. Further, numerous 40 Ar/ 39 Ar cooling ages between 471 and 460 Ma from rocks in the Laurentian rift-drift succession and the Rowe Schist record cooling from metamorphic temperatures (Laird and others, 1984; Whitehead and others, 1996; Castonguay and others, 2012; Tremblay and Pinet, 2016) after collision of Laurentia and the Moretown terrane. Most importantly, there is no record of Early Ordovician arc magmatism in rocks of Laurentian affinity that would be expected if the subduction zone had dipped westward under the Laurentian margin. However, there is also no record of Early Ordovician deformation, foreland basin deposits, or air-fall tephras on the Laurentian carbonate platform to the west. Thus, we suggest that the collision occurred outboard of the Laurentian passive margin, perhaps east of an intervening Taconic Seaway ( fig. 8 ). F1446, F1507, fig. 6 ) provide evidence for a mixed Laurentian-Gondwanan provenance for metasedimentary units in the Hawley Formation. The mixed provenance suggests that by 475 Ma the Shelburne Falls arc, which was built on the Moretown terrane, was proximal to the Laurentian margin. Thus, the collision between the Rowe Schist and the Moretown terrane and the subsequent magmatism in the Shelburne Falls arc must have occurred outboard of the passive Laurentian margin, yet close enough for metasedimentary rocks of the Hawley Formation to have incorporated Laurentian detritus.
The common occurrence of 475 to 470 Ma ages in the Shelburne Falls arc (figs. 7 and 8) may be due to subduction of distal extended Laurentian crust and wet sediments just prior to collision. Macdonald and others (2014) demonstrated that the Moretown terrane extends from western Massachusetts to northern Vermont. Our detrital zircon data from the Albee Formation suggest that the Moretown terrane extends as far eastward as the Bronson Hill arc in northern New Hampshire (figs. 1 and 8). Our data from the Cobble Mountain Formation in southwestern Massachusetts, together with others (2015, 2016) data from several formations in western Connecticut suggests that the Moretown terrane continues southward in western New England into Connecticut ( fig. 1 ). Stanley and Hatch (1988) interpreted the Cobble Mountain Formation as a facies equivalent of the Moretown Formation in southern Massachusetts. Our zircon data indicate that the Cobble Mountain Formation had a Gondwanan provenance, but that its source was different than the Moretown Formation; it may be an older unit or have received sediment from a different drainage system. The Albee Formation was correlated with the Moretown Formation by Doll and others (1961) , and our detrital zircon data are consistent with this interpretation. The detrital zircon population from one of our samples of Albee Formation (VT-98-297, fig. 4 ) bears a striking resemblance to the Cobble Mountain Formation. The zircon population from another sample  fig. 4 ) is very similar to those from the Moretown Formation. Other Albee Formation samples have age peaks similar to both the Moretown and Cobble Mountain Formations ( fig. 4) . Furthermore, the age of the Albee Formation is constrained to be older than the SHRIMP U-Pb zircon 492.5 Ϯ 7.8 Ma age of an intrusive tonalite (Rankin and others, 2013) , similar to the age constraints placed on the Moretown Formation by felsic intrusive rocks (Aleinikoff and others, 2011; Macdonald and others, 2014) .
Extent of the Moretown Terrane
Both the Moretown and Albee Formations are likely Cambrian in age (Rankin and others, 2013; Macdonald and others, 2014) . The similarity in detrital zircon populations between the Albee Formation and the Moretown and Cobble Mountain Formation ( fig. 4 ) supports the interpretation that the Moretown terrane extends as far east as the Bronson Hill arc. Furthermore, evidence from detrital zircon extracted from the Partridge Formation, discussed next, indicates a Laurentian provenance for Ordovician sediments deposited on the Bronson Hill arc ( fig. 8) .
Paleogeogeography of the Bronson Hill Arc
The Bronson Hill arc, shown as the eastern arc in figure 1B , extends from southern Connecticut through central Massachusetts and western New Hampshire into Maine. It was interpreted as the 'Taconic arc' that collided with Laurentia above an east-dipping subduction zone during the Taconic orogeny by Rowley and Kidd (1981) and Stanley and Ratcliffe (1985) . Karabinos and others (1998) argued that the Shelburne Falls arc, the western arc in figures 1B, 7, and 9, collided with Laurentia above an older east-dipping subduction zone, and that the Bronson Hill arc formed above a west-dipping subduction zone after a reversal in subduction polarity. Karabinos and others (1998) further suggested that the Shelburne Falls and Bronson Hill arcs formed on a rifted Laurentian-derived ribbon continent, analogous to Dashwoods in Newfoundland (Waldron and van Staal, 2001) . Macdonald and others (2014) demonstrated that the Shelburne Falls and Bronson Hill arcs formed on Gondwanan-derived crust, the Moretown terrane. Hibbard and others (2006) interpreted the Bronson Hill arc as the western leading edge of Ganderia. Several studies have also suggested that the Bronson Hill arc is a more complex composite arc that contains multiple arc tracts that formed at different times in different places (Aleinikoff and others, 2007; Karabinos, 2008; Dorais and others, 2011) .
As shown in figure 7 , the New Hampshire and Maine portions of the Bronson Hill arc contain ca. 485 to 465 Ma arc rocks coeval with rocks in the Shelburne Falls arc. This overlap in ages of arc rocks led Ratcliffe and others (1999) and Valley and others (2015) to suggest that the rocks in the western and eastern arc tracts are part of a single long-lived arc. Another interpretation is that there is some spatial overlap in rocks that formed above the older east-dipping and younger west-dipping subduction zones (Karabinos and others, 1998, 1999; Moench and Aleinikoff, 2003; Macdonald and others, 2014) .
One sample of the Partridge Formation in Massachusetts (figs. 1C and 6) with a limited number of zircon grains (n ϭ 24) contains some Ordovician grains, and appears to have mixed Laurentian and Gondwanan sources. Merschat and others (2016) presented detrital zircon data from two samples of the Partridge Formation in New Hampshire and concluded that the sediment was derived from both Laurentian and peri-Gondwanan sources, but that the Laurentian source dominated the zircon population. Thus, the detrital zircon evidence from the Partridge Formation provides critical evidence that the Bronson Hill arc was proximal to Laurentia during arc magmatism by approximately 450 to 455 Ma (Tucker and Robinson, 1990) , when the Partridge Formation (Harwood and Berry, 1967; Riva, 1974) was deposited.
This constraint on the paleogeography of this portion of the Bronson Hill arc leads us to the interpretation that the ca. 455 to 440 Ma arc-related plutonic and volcanic rocks in central Massachusetts and New Hampshire formed on the eastern margin of the already accreted Moretown terrane above a west-dipping subduction zone after a reversal in subduction polarity ( fig. 8 ).
Subduction Polarity Reversal
We suggest that the Moretown terrane collided with distal Laurentian fragments at approximately 475 Ma. Because oceanic lithosphere was no longer available to the east-dipping subduction zone after collision, we argue that younger ca. 455 to 440 Ma plutonic and volcanic rocks in the Bronson Hill arc are more likely the product of magmatism above a west-dipping subduction zone under Laurentia and the newly accreted Moretown terrane (fig. 8 ). The initiation of the younger west-dipping subduction zone must have followed slab breakoff and the subsequent reversal in subduction polarity. Slab breakoff may coincide with the 466 Ma explosive eruption recorded in the Barnard Volcanic Member and in coeval ashes in the Indian River Formation in the Taconic allochthons (Macdonald and others, 2017) . Because, detrital zircon data from the Partridge Formation indicate that the Bronson Hill arc formed close enough to Laurentia to receive its detritus, it is unlikely that this segment of the Bronson Hill arc was separated from Laurentia by significant tract of oceanic lithosphere. Sevigney and Hanson (1993, 1995) proposed that the Brookfield Plutonic Suite and the Newtown, Harrison, in southwestern Connecticut (fig. 7) form the plutonic roots of a Late Ordovician to Early Silurian magmatic arc that formed above a west-dipping subduction zone on the Laurentian margin. Sevigny and Hanson (1993, 1995) also noted that the younger plutons intruded older rocks of the Collinsville Formation, which had already been deformed during an earlier Taconic event. The Collinsville Formation is a likely correlative with Early Ordovician rocks in the Shelburne Falls arc in Massachusetts and Vermont. The data and interpretations presented by Sevigny and Hanson (1993, 1995) are consistent with a reversal in subduction polarity.
Dated ashes in the Mohawk Valley in New York contain zircon grains with inherited cores of likely Grenvillian origin (Macdonald and others, 2017) , further suggesting that a west-dipping subduction zone was established under Laurentia before the ca. 453 Ma age of the oldest of these ash deposits.
Is the Moretown Terrane Distinct from Ganderia? Hibbard and others (2006) showed the boundary between peri-Laurentian and peri-Gondwanan terranes, the Red Indian Line of Williams and others (1988) , on the west margin of the Bronson Hill arc in New England, and suggested that the Bronson Hill arc forms the western leading edge of Ganderia. Macdonald and others (2014) demonstrated that the suture zone between Laurentia and peri-Gondwanan terranes is further west at the Rowe Schist-Moretown Formation contact, and our new data indicate that the Moretown terrane extends east to the Bronson Hill arc. We suggest that the Moretown terrane is a peri-Gondwanan fragment distinct from Ganderia. If the Moretown terrane and Bronson Hill arc are not part of Ganderia, the Late Ordovician west-dipping subduction zone proposed by Karabinos and others (1998) and Macdonald and others (2014) could have been just east and outboard of the Bronson Hill arc. If this interpretation is correct, the boundary between the Moretown terrane and Ganderia would be buried under Silurian to Devonian rocks in the Central Maine terrane.
If the Moretown terrane and Bronson Hill arc are part of Ganderia, however, the west-dipping subduction zone would have to be east and outboard of the Massabesic Gneiss Complex in New Hampshire (fig. 1B) , which has been identified as part of Ganderia others, 2006, Dorais and others, 2012; van Staal and others, 2016) . Also, if the Moretown terrane and Ganderia are equivalent, it implies that Ganderia reached the Laurentian margin much earlier than the time proposed by van Staal and others (2009) and van Staal and Barr (2012) , and blurs the distinction between the Taconic and Salinic orogenies.
Taconic Composite Magmatic Arc
Based on the evidence and arguments presented above, we suggest that the peri-Gondwanan Moretown terrane was the foundation of a composite magmatic arc. Arc magmatism above an east-dipping subduction zone produced Late Cambrian to Early Ordovician plutonic and volcanic rocks found mostly in the western Shelburne Falls arc (figs. 1, 7, and 8) until the Moretown terrane collided with distal hyperextended Laurentian crust at approximately 475 Ma. After collision and slab break-off, a reversal in subduction polarity led to the initiation of a younger west-dipping subduction zone. Slab breakoff may be recorded by explosive eruptions at 466 preserved in the Barnard Volcanic Member and ashes in the Indian River Formation in the Taconic allochthons. Alternatively, the 466 eruptions may reflect reversal in subduction polarity (figs. 1, 7, and 8). In either case, we suggest that the west-dipping subduction zone must have been established before the onset of major magmatic activity in the eastern Bronson Hill arc at 454 Ma (Tucker and Robinson, 1990) . As shown in figure 7, there is some spatial overlap in the age of arc-related rocks in the western and eastern arcs as previously defined. Thus, the terms Shelburne Falls arc and Bronson Hill arc, which have been used to describe different geographic areas, are better thought of as distinguishing arc magmatism above two different subduction zones. For example, there is clearly significant overlap in older and younger arc ages in the New Hampshire portion of the Bronson Hill arc (Moench and Aleinikoff, 2003; Valley and others, 2015;  fig. 7 ). Although we believe that the evidence for a reversal in subduction polarity during Taconic orogenesis is compelling, and that the model we present here can explain many observations in western New England, it is important to acknowledge that the strict spatial distinction between an older Shelburne Falls arc and a younger Bronson Hill arc is not viable (Karabinos and others, 1999) .
Comparison with Ordovician Arcs in Maine and Maritime Canada
For nearly two decades, tectonic models of the Appalachians have assumed that the Notre Dame arc in Newfoundland (van Staal and others, 1998; Waldron and van Staal, 2001) , the Chain Lakes massif in Maine others, 2006a, 2006b) , and the Shelburne Falls arc in Vermont and Massachusetts (Karabinos and others, 1998) formed as east-facing arcs on ribbon continental fragments rifted from Laurentia and separated from it by a narrow Taconic Seaway. However, these models lacked evidence for Laurentian basement at depth, and failed to account for subduction initiation within the proposed narrow oceanic basin. The recent discovery that the Shelburne Falls arc formed on the Gondwanan-derived Moretown terrrane (Macdonald and others, 2014) calls into question tectonic models invoking Early Ordovician arcs built on peri-Laurentian ribbon continents.
For example, Waldron and van Staal (2001) argued that the Dashwoods terrane in Newfoundland rifted from Laurentia in the Neoproterozoic, and that the Early Ordovician Notre Dame arc formed on it above an east-dipping subduction zone. The Laurentian affinity of Dashwoods was based, in part, on the correlation of pre-Ordovician schists from the Dashwoods terrane with Laurentian slope-rise deposits of the Fleur de Lys Supergroup on the Humber margin. However, none of the pre-Ordovician schists from the Dashwoods terrane have been studied for detrital zircon provenance, so this correlation, and the presumed Laurentian affinity, remain untested.
Importantly, the fauna with Laurentian provenance found on Dashwoods is in Ordovician strata (Neuman, 1984; Dean, 1985; Harper and others, 1996) , and by that time Dashwoods was already near Laurentia, as verified by the low-latitude Middle Ordovician paleomagnetic pole on Notre Dame arc rocks (Johnson and others, 1991) . Ordovician graptolite and conodont collections from the Notre Dame subzone yield faunal assemblages with Laurentian affinity that also demonstrate an Ordovician proximity between Dashwoods and Laurentia (Harper and others, 1996) . Waldron and van Staal (2001) used paleomagnetic data as evidence that Dashwoods had a Laurentian affinity and was separated from the Humber margin by a narrow seaway. Paleomagnetic data from the Middle Ordovician Moreton's Harbour Group yield a paleolatitude for Dashwoods of 11°S, which is indistinguishable from the expected paleolatitude of the Laurentian margin ( van der Pluijm and others, 1990; Johnson and others, 1991; Mac Niocaill and others, 1997) . However, by the Middle Ordovician, the Dashwoods terrane would have been near the Laurentian margin regardless of its source because tectonic loading began by ca. 475 Ma, so these paleomagnetic data do not demonstrate a Laurentian affinity for Dashwoods. Waldron and van Staal (2001) and van Staal and others (2007) suggested that geochronological and geochemical data from the Cape Ray Granodiorite and other plutons in the Dashwoods and Notre Dame subzones indicate emplacement through Laurentian basement. Specifically, xenocrystic zircons and Nd, O, and Pb isotopic values (Whalen and others, 1997a; Whalen and others, 1997b) show a major contribution from of Paleoproterozoic continental crust. This is older than any of the exposed Grenvillian inliers of the Humber margin. Therefore, although these isotopic data support that Dashwoods was built on old crustal material, the geochemical characteristics are not distinctly Laurentian and could also be sourced from peri-Gondwanan Paleoproterozoic rocks. Likewise, xenocrystic zircon grains dated from Paleozoic plutons that intruded Dashwoods (Whalen and others, 1987; Dunning and others, 1989; Dubé and others, 1996; Van Staal and others, 2007) fail to provide convincing evidence for Laurentian basement at depth. Out of a total of 44 Xenocrystic zircons dated, only 5 fall in the interval of 1000 to 1250 Ma, the most common age range observed from the Grenville province (Cawood and Nemchin, 2001) . In contrast, 11 grains fall in the interval 620 to 1000 Ma, and 19 grains in the interval 1300 to 1800, dates which are common in Gondwanan-derived sediment ( fig. 4 ; Macdonald and others, 2014) . Further, Willner and others (2014) presented detrital zircon U-Pb and Hf isotope data from both the peri-Laurentian and peri-Gondwanan zones of Newfoundland. Samples analyzed from Dashwoods were deposited after interaction with the Laurentian margin and are dominated by local sources of young zircon. These samples contain 15 grains ranging from 529 to 617 Ma and 4 grains ranging from 786 to 819 Ma. Though only represented by a handful of grains, these dates indicate that there are underlying Neoproterozoic rocks in Dashwoods, which are uncommon on the Laurentia margin other than zircon-poor rift-related magmatism on Laurentia that is predominantly younger than 580 Ma, with the exception of the 615 Ma Long Range dikes (Hodych and Cox, 2007) .
The Chain Lakes massif of Maine has also been interpreted as an arc that formed on peri-Laurentian basement. It consists of volcanic and sedimentary rocks derived in part from Laurentia and diatexite formed during intrusion of arc-related magmas (469 Ϯ 4 Ma U/Pb-monazite age) (Gerbi and others, 2006a) . Ultramafic rocks of the Chain Lakes massif are potentially correlative with the Riviere-des-Plantes ultramafic complex in southern Quebec, which was obducted on the Laurentian margin by 465 Ma (De Souza and Tremblay, 2010) . However, Gerbi and others (2006a) suggested that the Boil Mountain Complex and Jim Pond Formation do not represent ophiolitic sequences (Kusky and others, 1997) , but that the Boil Mountain Complex intruded the Chain Lakes massif at 477 Ma and the Skinner pluton intruded the massif at 472 Ma. Metasediments within the Chain Lakes massif contain Laurentian detrial zircon (Gerbi and others, 2006a) ; however, like the Hawley belt in Massachusetts, the Laurentian derived sediments may have been deposited during arc-continent collision (Macdonald and others, 2014) , and thus, do not necessarily constrain basement affinity of the terrane.
Based on the assumption that Dashwoods is a Laurentian-derived crustal fragment, several authors have proposed that the Red Indian Line (Williams and others, 1988) , which separates the Dashwoods terrane from the Exploits subzone in Newfoundland ( fig. 1A) , represents the principle Iapetan suture (for example, van Staal and others, 2009). However, as discussed above, if Dashwoods is instead Gondwananderived and correlative with the Moretown terrane, or if the Laurentian-Gondwanan terrane suture occurs within Dashwoods, then the Red Indian Line, as defined by Williams and others (1988) , marks a boundary between arc terranes built on Gondwanan-derived crust. Thus, we suggest that the Notre Dame arc of Newfoundland is equivalent to the Shelburne Falls arc and the Popelogan-Victoria arc (Zagorevski and others, 2008) are correlative with the Bronson Hill arc.
Collision of an arc with a passive margin, followed by slab break-off and subduction polarity reversal is a simple mechanism for establishing an active margin that circumvents the mechanical difficulties of initiating subduction in cold, stiff oceanic lithosphere of a rifted passive margin (Clift and others, 2003) . Seeding of subduction during the early Taconic orogeny was recently suggested by Waldron and others (2014) . In Newfoundland, Middle Ordovician slab-break off magmatism has been documented in the Dashwoods terrane of Newfoundland (van Staal and others, 2007) .
Subduction polarity reversal and the establishment of a west dipping subduction zone below the Red Indian Lake arc was proposed by Zagorevski and others (2008) .
Recently, van Staal and others (2016) correlated the Popelogan-Victoria arc in New Brunswick with the Bronson Hill arc and, following Hibbard and others (2006) , located both arcs on the leading western edge of Ganderia. In particular, van Staal and others (2016) correlated Paleozoic rocks in the Popelogan, Munsungan-Winterville, and Weeksboro-Lunksoos inliers of central Maine with those of the Mirimichi inlier of coastal Maine and New Brunswick. This correlation is based on 1) Cambrian to Early Ordovician brachiopod fauna of Celtic origin (for example, Neuman, 1984) , 2) correlation of the Albee Formation with the Woodstock and Miramichi Groups of the Gander margin (for example, Reusch and van Staal, 2011) , 3) the assumption that Early Ordovician unconformities uniquely mark tectonism restricted to Ganderia (for example, Colman-Sadd and others, 1992; Zagorevski and others, 2010) , and 4) similarities in detrital zircon populations (for example, Fyffe and others, 2009; van Staal and others, 2016) . However, the main pulse of arc magmatism in the Miramichi belt at ca. 475 Ma predates that in the central Maine inliers by ϳ10 Myr (van Staal and others, 2016) . Moreover, paleomagnetic data demonstrate that the Mirimichi belt was at a paleolatitude of ϳ50°S at 470 Ϯ 4 Ma (Liss and others, 1993) , whereas the Weeksboro-Lunksoos inlier was situated at ϳ20°S at 465 Ϯ 4 Ma (Wellensiek and others, 1990) . As we described above, many of the Gondwanan derived terranes have similar detrital zircon profiles, and if they were originally derived from the same parent craton we may not expect dramatic differences. Additionally, the Cambrian to Early Ordovician fauna predate accretion to Laurentia, so Celtic fauna on these arc terranes is not surprising, and Early to Middle Ordovician deformation has been described on the Moretown terrane (Macdonald and others, 2014) , so this is likely not a feature unique to Gander, and the nature and distribution of the Penobscot orogeny should be revisited with this in mind. Thus, although the Moretown terrane and Ganderia may have both been derived from Gondwana in the Neoproterozoic to Cambrian, the paleomagnetic data suggest that in the Ordovician they were distinct terranes, each with coeval magmatic arcs, that were widely separated. van Staal and others (2016) explained disparate paleomagnetic poles by invoking arc migration and massive back arc rifting.
In Newfoundland, van Staal and Barr (2012) assigned the Victoria arc and the Exploits subzone of Williams (1979) to Ganderia. However, paleomagnetic data do not fully support this proposal. Paleomagnetic poles from the ca. 470 Ma Roberts Arm, Summerford, and Chanceport Groups of the Exploits subzone yield a paleolatitude of ϳ30°S (van der Voo and others, 1991), and poles from the ca. 465 Ϯ 2 Ma Lawrence Head Volcanics indicate a paleolatitude for the Victoria arc of ϳ15°S (Todaro and others, 1996) . The similarity of these results to those of coeval rocks in the central Maine inliers (Wellensiek and others, 1990 ) support our correlation of the Bronson Hill arc with the Victoria-Pelopologan arc, and further suggest that these arc terranes were situated very close to the Laurentian margin by 465 Ma. The close proximity between these 465 Ma arc systems and the Laurentian margin is further supported by the appearance of abundant air-fall tuffs on the Laurentian margin preserved in the ca. 465 Ma Indian River Formation of New York. Additionally, Laurentian detritus is present not only in the Partridge Formation in New England (Merschat and others, 2016) , but also in the ca. 455 Ma Badger Formation of Newfoundland, which overlies the Exploits subzone (Waldron and others, 2012) . In contrast, Ganderia did not arrive at the Laurentian margin until ca. 436 Ma (Waldron and others, 2012) .
In summary, we suggest that the Bronson Hill arc marks the trailing edge of the Moretown terrane, and that the Popelogan-Victoria arc formed on the trailing edge of the Dashwoods terrane rather than on the leading edge of Ganderia.
There is, however, a significant separation between the ca. 475 Ma pole from the Notre Dame arc (Johnson and others, 1991) and the ca. 470 Ma poles from the Exploits subzone (van der Voo and others, 1991) . This implies that the arc terranes on the eastern margin of Dashwoods (that is, Red Indian Lake arc and the proto-Bronson Hill-Pelopologan-Victoria arc) were likely quite distended prior to ca. 460 Ma (for example Zagorevski and others, 2008) when paleomagnetic poles on these arcs and the Laurentian margin converge at 10 to 15°S (Potts and others, 1993; Potts and others, 1995; Todaro and others, 1996) . Although the exact nature and timing of the accretionary events and processes that drove shortening and foreland deposition between 465 and 450 Ma remain poorly constrained, we argue that this tectonism and basin formation occurred above a west-dipping subduction zone after the accretion of the Moretown and Dashwoods terranes, but before the Salinic orogeny and the Silurian arrival of the Ganderia.
conclusions Based on detrital zircon analysis, we suggest that the western boundary of the Gondwanan-derived Moretown terrane is the Rowe Schist-Moretown Formation contact, and that the eastern boundary is located in the Bronson Hill arc. Magmatic arc rocks in the Shelburne Falls arc ranging in age from ca. 500 to 470 Ma formed above an east-dipping subduction zone on the western, leading edge of the Moretown terrane. Collision of the Moretown terrane and the Shelburne Falls arc with distal Laurentinaderived crustal fragments was in progress by approximately 475 Ma. At this time, meta-sediments in the Hawley Formation, part of the Shelburne Falls arc, were receiving detritus from Laurentia. Suturing of the Moretown-Rowe contact was complete by the time of intrusion of the Middlefield Granite at 448.8 Ϯ 0.1 Ma in Massachusetts and the Brookfield Plutonic Suite at 454 Ϯ 2 Ma in Connecticut (Sevigny and Hanson, 1995) .
The Early Ordovician collision of the Moretown terrane with distal Laurentian crust left the Laurentian passive margin undeformed, suggesting that an oceanic tract separated the collision zone from the carbonate platform. Slab-breakoff of subducted lithosphere occurred after the 475 Ma collision of the Moretown terrane with the Rowe Schist, but before the initiation of west-dipping subduction. It is possible that slab-breakoff is recorded by the explosive eruption in the Barnard Volcanic Member at 466 Ma, which was likely the source for ash beds in the Indian River Formation in the Taconic allochthons. A reversal in polarity created a west-dipping subduction zone under the Laurentian margin and the newly accreted Moretown terrane. We propose that abundant 455 to 440 Ma magmatic arc rocks in the Bronson Hill arc formed above this west-dipping subduction zone, and that the arc formed along the eastern, trailing edge of the Moretown terrane. The western boundary of Ganderia, represented by the Massabesic Gneiss Complex in New England, is east of the Bronson Hill arc buried under Silurian and Devonian meta-sediments deformed during the Acadian orogeny.
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appendix

LA-ICPMS Methods
Zircon grains were separated from rocks using standard techniques and annealed at 900°C for 60 hours in a muffle furnace. Grains were randomly selected for the detrital zircon samples. Sharply faceted grains were selected for the volcanic ash samples. Grains were mounted in epoxy and polished until their centers were exposed. Cathodoluminescence (CL) images were obtained with a JEOL JSM-1300 scanning electron microscope and Gatan MiniCL. Zircon was analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) using a ThermoElectron X-Series II quadrupole ICPMS and New Wave Research UP-213 Nd:YAG UV (213 nm) laser ablation system. In-house analytical protocols, standard materials, and data reduction software were used for acquisition and calibration of U-Pb dates and a suite of high field strength elements (HFSE) and rare earth elements (REE). Zircon was ablated with a laser spot of 25 m wide using fluence and pulse rates of 5 J/cm 2 and 10 Hz, respectively, during a 45 second analysis (15 sec gas blank, 30 sec ablation) that excavated a pit ϳ25 m deep. Ablated material was carried by a 1.2 L/min He gas stream to the nebulizer flow of the plasma. Quadrupole dwell times were 5 ms for Si and Zr, 200 ms for 49 Ti and 207 Pb, 80 ms for 206 Pb, 40 ms for 202 Hg, 204 Pb, 208 Pb, 232 Th, and 238 U and 10 ms for all other HFSE and REE; total sweep duration is 950 ms. Background count rates for each analyte were obtained prior to each spot analysis and subtracted from the raw count rate for each analyte. For concentration calculations, background-subtracted count rates for each analyte were internally normalized to 29 Si and calibrated with respect to NIST SRM-610 and -612 glasses as the primary standards. Ablations pits that appear to have intersected glass or mineral inclusions were identified based on Ti and P signal excursions, and associated sweeps were discarded. U-Pb dates from these analyses are considered valid if the U-Pb ratios appear to have been unaffected by the inclusions. Signals at mass 204 were normally indistinguishable from zero following subtraction of mercury backgrounds measured during the gas blank (Ͻ1000 cps 202 Hg), and thus dates are reported without common Pb correction. Rare analyses that appear contaminated by common Pb were rejected based on mass 204 greater than baseline. Temperature was calculated from the Ti-in-zircon thermometer (Watson and others, 2006) . Because there are no constraints on the activity of TiO 2 in the source rocks, an average value in crustal rocks of 0.8 was used.
Data were collected in 24 experiments at the Isotope Geology Laboratory at Boise State University from July 2013 to December 2015 (table A1, http://earth.geology. yale.edu/ϳajs/SupplementaryData/2017/Karabinos). For U-Pb and 207 Pb/ 206 Pb dates, instrumental fractionation of the background-subtracted ratios was corrected and dates were calibrated with respect to interspersed measurements of zircon standards and reference materials. The primary standard Plešovice zircon (Sláma and others, 2008) was used to monitor time-dependent instrumental fractionation based on two analyses for every 10 analyses of unknown zircon. A secondary correction to the 206 Pb/ 238 U dates was made based on results from a combination of the zircon standards that were dated at Boise State University (unpublished data): Seiland (530 Ma) and Zirconia (327 Ma), and Temora (417 Ma). A subset of these standards was treated as unknowns and measured once for every 10 analyses of unknown zircon. These results showed a linear age bias of up to several percent that is related to the 206 Pb count rate. The secondary correction is thought to mitigate matrix-dependent variations due to contrasting compositions and ablation characteristics between the Plešovice zircon and other standards (and unknowns).
Radiogenic isotope ratio and age error propagation for all analyses includes uncertainty contributions from counting statistics and background subtraction. Because the detrital zircon analyses are interpreted individually, uncertainties from the standard calibrations are propagated into the errors on each date. These uncertainties are the local standard deviations of the polynomial fits to the interspersed primary standard measurements versus time for the time-dependent, relatively larger U/Pb fractionation factor, and the standard errors of the means of the consistently time-invariant and smaller 207 Pb/ 206 Pb fractionation factor. These uncertainties are 1.2-3.3% (average of 1.6%) (2) 206 Pb/ 238 U and 0.1-1.6% (average of 0.5%) (2) for 207 Pb/ 206 Pb. For the igneous samples and detrital zircon samples with multiple grains that may be part of the same population, weighted mean dates are calculated on equivalent dates (that is, probability of fit Ͼ0.05) using Isoplot 3.0 (Ludwig, 2003) from errors on individual dates that do not include the standard calibration uncertainties. However, errors on weighted mean dates include the standard calibration uncertainties within each experiment and are given at 2.
Age interpretations are based on 207 Pb/ 206 Pb dates for analyses with 207 Pb/ 206 Pb dates Ͼ1000 Ma. The 206 Pb/ 238 U dates are used for analyses with 207 Pb/ 206 Pb dates Ͻ1000 Ma. Analyses with Ͼ20% positive discordance and Ͼ10% negative discordance are not considered. Errors on the dates from individual analyses are given at 2.
CA-IDTIMS Methods
U-Pb dates were obtained by the chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-IDTIMS) method from analyses composed of single zircon grains or fragments of grains (table A2, http://earth.geology.yale.edu/ϳajs/ SupplementaryData/2017/Karabinos), modified after Mattinson (2005) . Zircon was separated from rocks using standard techniques and mounted in epoxy and polished until the centers of the grains were exposed. Cathodoluminescence (CL) images were obtained with a JEOL JSM-1300 scanning electron microscope and Gatan MiniCL. Zircon was removed from the epoxy mounts for dating based on CL images and LA-ICPMS data.
Zircon was placed in a muffle furnace at 900°C for 60 hours in quartz beakers. Single grains or fragments were then transferred to 3 ml Teflon PFA beakers and loaded into 300 ircon was placed in a muffle furnace at 900°C for 60 hours in quartz beakers. Single grains or fragments were then transferred to 3 ml Teflon PFA beakers and loaded into 300 athodoluminescence (CL) images were obtpsules were returned to 3 ml Teflon PFA beakers, HF removed, and the residual grains or fragments immersed in 3.5 M HNO 3 , ultrasonically cleaned for an hour, and fluxed on a hotplate at 80°C for an hour. The HNO 3 was removed and grains or fragments were rinsed twice in ultrapure H 2 O before being reloaded into the 300 before being reloaded into the 300 were rinsed twice in ultrapure HC for an hour. The HNOs or fragments were then transferred to 3 ml Teflon PFA beakers and loaded into 300 athodoluminescencer vessels in 120 before being reloaded into the 300 we 3 at 220°C for 48 hours, dried to fluorides, and re-dissolved in 6 M HCl at 180°C overnight. U and Pb were separated from the zircon matrix using an HCl-based anion-exchange chromatographic procedure (Krogh, 1973) , eluted together and dried with 2 l of 0.05 N H 3 PO 4 .
Pb and U were loaded on a single outgassed Re filament in 5 l of a silica-gel/ phosphoric acid mixture (Gerstenberger and Haase, 1997) , and U and Pb isotopic measurements made on a GV Isoprobe-multicollector thermal ionization mass spectrometer equipped with an ion-counting Daly detector. Pb isotopes were measured by peak-jumping all isotopes on the Daly detector for 100 to 160 cycles, and corrected for 0.18 Ϯ 0.03%/a.m.u (1 sigma error) mass fractionation. Transitory isobaric interferences due to high-molecular weight organics, particularly on 204 Pb and 207 Pb, disappeared within approximately 30 cycles, while ionization efficiency averaged 10 4 cps/pg of each Pb isotope. Linearity (to Ն1.4 ϫ 10 6 cps) and the associated deadtime correction of the Daly detector were monitored by repeated analyses of NBS982, and have been constant since installation. Uranium was analyzed as UO 2 ϩ ions in static Faraday mode on 10 11 ohm resistors for 200-300 cycles, and corrected for isobaric interference of 233 Pb ϭ 77.93 and 233 U/ 235 U ϭ 1.007066. CA-IDTIMS U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and Schoene (2007) and U decay constants recommended by Jaffey and others (1971) . 206 Pb/ 238 U ratios and dates were corrected for initial 230 Th disequilibrium using a Th/U[magma] ϭ 3.0 Ϯ 0.3 using the algorithms of Crowley and others (2007) , resulting in an increase in the 206 Pb/ 238 U dates of ϳ0.09 Ma. All common Pb in analyses was attributed to laboratory blank and subtracted based on the measured laboratory Pb isotopic composition and associated uncertainty. U blanks are estimated at 0.075 pg.
Weighted mean 206 Pb/ 238 U dates from two samples were calculated using Isoplot 3.0 (Ludwig, 2003) . For the sample with a probability of fit Ͼ0.05, the error on the weighted mean date is the 2 internal error. For the sample with a probability of fit Ͻ0.05, the error on the weighted mean date is the 95% confidence limit, which is the 2 internal error multiplied by the square root of the MSWD. Errors on the weighted mean dates are given as Ϯ x / y / z, where x is the internal error based on analytical uncertainties only, including counting statistics, subtraction of tracer solution, and blank and initial common Pb subtraction, y includes the tracer calibration uncertainty propagated in quadrature, and z includes the 238 U decay constant uncertainty propagated in quadrature. Internal errors should be considered when comparing our dates with 206 Pb/ 238 U dates from other laboratories that used the same tracer solution or a tracer solution that was cross-calibrated using EARTHTIME gravimetric standards. Errors including the uncertainty in the tracer calibration should be considered when comparing our dates with those derived from other geochronological methods using the U-Pb decay scheme (for example, laser ablation ICPMS). Errors including uncertainties in the tracer calibration and 238 U decay constant (Jaffey and others, 1971) should be considered when comparing our dates with those derived from other decay schemes (for example, 40 Ar/ 39 Ar, 187 Re-187 Os). Isoplot 3.0 (Ludwig, 2003) was used to calculate a line through discordant analyses in one sample. Errors on the intercepts are given as Ϯ x / y, where x is the internal error and y includes the 235 U and 238 U decay constant uncertainties propagated in quadrature. Errors on dates from individual grains are given at 2.
